Study Design. Cost-effectiveness analysis. Objective. To examine the cost-effectiveness of operative versus non-operative treatment of type-II odontoid fractures in patients older than 64 years old. Summary of Background Data. Significant controversy exists regarding the optimum treatment of geriatric patients with type-II odontoid fractures. Operative treatment leads to lower rates of non-union but carries surgical risks. Non-operative treatment does not carry surgical risks but has higher non-union rates. Methods. A decision-analytic model was created to compare operative and non-operative treatment of type-II odontoid fractures among three age cohorts (65-74, 75-84, >84) based on expected costs, quality-adjusted life years (QALYs) and incremental cost-effectiveness ratios (ICERs; cost per QALY gained). Age-specific mortality rates for both treatments, costs for treatment, and complication rates were taken from the literature, and data from 2010 US life tables were used for agespecific life expectancy. Costs of complications were estimated using data obtained at a level-I trauma center using microcosting. Sensitivity analyses of all model parameters were conducted. Results. Among the 65-to 74-year-old cohort, operative treatment was more costly ($53,407 vs. $30,553) and more effective (12.00 vs. 10.11 QALY), with an ICER of $12,078/QALY. Among the 75-to 84-year-old cohort, operative treatment was more costly ($51,308 vs. $29,789) and more effective (6.85 vs. 6.31 QALY), with an ICER of $40,467/QALY. Among the over-84 cohort, operative treatment was dominated by non-operative treatment as it was both more costly ($45,978 vs. $28,872) and less effective (2.48 vs. 3.73 QALY). The model was robust to sensitivity analysis across reasonable ranges for utility of union, disutility of complications and delayed surgery, and probabilities of non-union and complications. Conclusion. Operative treatment is cost-effective in patients age 65 to 84 when using $100,000/QALY as a benchmark but less effective and more costly than non-operative treatment in patients older than 84 years. Key words: cost-effectiveness analysis, decision analyses, fracture, geriatric, incremental cost-effectiveness ratio, nonoperative treatment, odontoid, operative treatment, qualityadjusted life years, sensitivity analyses, type-II. Level of Evidence: 2 Spine 2016;41:610-617 T ype-II odontoid fracture is the most common cervical spine fracture in patients 65 years or older and is the most common fracture type of the second cervical vertebrae.
T ype-II odontoid fracture is the most common cervical spine fracture in patients 65 years or older and is the most common fracture type of the second cervical vertebrae. 1, 2 The rate of C2 fractures in this population is increasing and has been shown to be growing faster than the growth of the elderly population. [3] [4] [5] In addition, a recent study reported that the costs for treating C2 fractures are increasing at a rate that outpaces the growing fracture rate. 5 This rise in fracture incidence and cost of treatment has important economic consequences for geriatric health care. It is estimated that the annual cost of treating all types of geriatric C2 fractures exceeded $1.5 billion dollars in 2010, with type-II being the most common. 5, 6 Despite the common occurrence and increasing numbers of these fractures, significant controversy exists as to whether to treat these patients operatively or non-operatively. operative options include anterior odontoid osteosynthesis and posterior C1-C2 fusion. Treatment with a cervical orthosis avoids the risks of surgery but is associated with a higher non-union rate, whereas surgical fixation puts patients at risk for surgical complications but leads to a significantly better union rate. [8] [9] [10] [11] [12] The objective of this study was to perform an agespecific, cost-effectiveness analysis comparing operative to non-operative treatment of type-II odontoid fractures in patients older than 64 years.
MATERIALS AND METHODS

Study Design
This study is a cost-effectiveness analysis-a type of economic analysis used to compare the value of an intervention to an alternative. 13 Our study compares operative to non-operative treatment of type-II odontoid fractures. A decision tree was constructed to model the possible events after the decision to pursue operative or non-operative management ( Figure 1 ). Data for the likelihood of mortality, complications, and union or non-union were derived from the literature from a mix of retrospective and prospective studies. Cost data for operative and non-operative treatment was taken from the literature, and the cost for complications was derived from a retrospective patient record analysis of all patients who underwent treatment for a type-II odontoid fracture at a level-1 trauma center in New England for 1 fiscal year.
Patient Population
Our patient population includes patients older than 64 years who have experienced a type-II odontoid fracture. We stratified patients into three age cohorts (65-74, 75-84, >84) based on the convention of recently published studies. 3, 5, 14 In addition, outcomes have been shown to vary across the different age strata, which could affect the outcomes of a cost-effectiveness analysis. 14 
Model Structure
A decision tree modeling the possible events after the decision to pursue operative or non-operative management for a type-II odontoid fracture is shown in Figure 1 . Subsequent to undergoing operative treatment, patients were either alive or dead at 1 year. Patients who were alive at 1 year were classified as having a union or a non-union either with or without surgical complications. The classification of union or non-union followed the parameters determined by each study that the data were extracted from. After non-operative treatment, patients were either alive or dead at 1 year. Those patients who were alive either went on to union or symptomatic non-union, and those with symptomatic non-union proceeded to delayed operative treatment. 9 Patients in this delayed operative treatment cohort were then exposed to the chance of surgical complications at the same rate of those having initially undergone operative treatment. Patients experiencing union after non-operative treatment were then susceptible to non-operative complications.
Utilizing the age-stratified data reported by Schoenfeld et al., 14 the model was run separately for the 65-to 74-year old, 75-to 84-year old and over-84-year old cohorts based on projected remaining life expectancy data as provided by the National Center for Health Statistics. 15 The model takes into account complications, disutilites, costs, and mortality for 1 year from the time of injury. After that, due to lack of current literature on long-term outcomes or costs, patients are susceptible to mortality based on age, sex, and race.
Model Parameters
Values and clinically reasonable ranges for mortality, nonunion, complications, utilities and life expectancy are shown in Table 1 . Probability of 1-year mortality for each age cohort was calculated using the hazard ratios and respective weighting of each cohort within the study by Schoenfeld et al.
14 Probabilities of operative and non-operative nonunion and complications were based on the AOSpine North America Geriatric Odontoid Fracture Study. 9 Utilities of both operative and non-operative complications were estimated based on previously published data. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] These were aggregated into a single utility for both operative and non-operative complications, and these values were varied over a wide range during sensitivity analyses. Significant controversy exists regarding the morbidity associated with a ''non-union'' of a type-II odontoid fracture. It has been reported that pseudarthrosis can lead to decreased function, pain, progressive myelopathy, high cervical-cord injury, and potentially death, although these outcomes are likely quite uncommon. 26, 27 Other studies have shown no relationship between union status and clinical outcomes, suggesting that non-unions are frequently asymptomatic. [28] [29] [30] Due to this controversy, a 1-year disutility of 0.03 was assigned to the effect of odontoid non-union. This relatively low value was chosen in part due to a publication of the AOSpine study that showed there were no reported differences in outcome between patients treated non-operatively with a union and non-union 31 ; however, this disutility was an assumption, and, given the uncertainty surrounding the effect of non-union, it was examined across a wide range of values during sensitivity analyses. Delayed surgery due to failed non-operative treatment was assessed a 1-year disutility of 0.05. Given the absence of evidence of superiority of operative union over non-operative union, neither event was given a disutility. Remaining years of expected life were calculated for each cohort based on 2010 National Center for Health Statistics for the entire US population. 32 For the 65-to 74-year-old cohort the value used was 17.3 years; for 75-to 84-year-old: 10.6 years; and for over-84 years old: 6.5 years (Table 1) . Quality-adjusted life years (QALYs) were determined as the product of utilities and remaining life expectancy. Future QALYs were discounted at a 3% annual rate.
All costs were in 2013 US dollars. Costs associated with operative and non-operative treatment were taken from a recent study that analyzed the cost of treatment for C2 fractures over a 10-year period ( Table 2) . 5 Costs were reported in 2010 US dollars and were converted to 2013 US dollars ($36,688-$39,195 for operative treatment and $18,013-$19,244 for non-operative treatment) using the consumer price index calculator. 33 This study reported only the average cost of treatment and did not report the cost for complications. Given that this study included all C2 fractures, it is possible that the inclusion of other C2 fractures (i.e., type-III dens fractures, traumatic spondylolisthesis of the axis) affected the cost estimates; however, type-II odontoid fractures are the most common type of C2 fractures, and inclusion of other C2 fractures likely had minimal effect on the cost-estimates. 2, 6, 34 To confirm this, we performed a micro-cost analysis (see below) of type-II dens fracture patients treated operatively and non-operatively at our institution and found very similar costs to those included in the base case scenario. Costs at our institution were $38,923 for operative treatment (vs. $39,195 from Daniels et al.) and $10,953 for non-operative treatment (vs. $19,244 from Daniels et al.). To account for the uncertainty in the cost data, costs were varied over a large range during sensitivity analyses.
Complications costs were estimated using data obtained at a level-I trauma center in New England during the time period July 2012 to June 2013 ( Table 2 ). All patients with International classification of diseases-ninth revision. (ICD-9) Diagnostic-Related Group 805.02 (closed fracture of second cervical vertebra) during fiscal year 2013 were identified. Chart review identified those with type-II dens fractures treated non-operatively who had a complication, and the costs for treating those complications was calculated using Allscripts EPSi cost accounting software (Allscripts Healthcare Solutions, Inc., Chicago, IL). Costs were broken down by technical and professional costs. To estimate the cost of surgical complications, all patients with ICD-9 DiagnosticRelated Group 805.02 (closed fracture of second cervical vertebra) and Current Procedural Terminology (CPT) code 22595 (Arthrodesis, posterior technique, atlas-axis [C1-C2]) during fiscal year 2013 were identified. Those patients undergoing this procedure for reasons other than type-II odontoid fracture were removed. Patients sustaining operative complications were identified through chart review, and the average cost of an operative complication was then determined as described above. All costs were incurred within the 1-year timeframe of the model and thus were not discounted. All costs are reported in 2013 US dollars. Costs of complications were modeled across a wide-range in sensitivity analyses.
In-line with conventional cost-effectiveness analysis, costs were assigned to the initial treatment selected. For example, patients who initially chose non-operative treatment but subsequently underwent surgery for symptomatic non-union had all costs, surgical and non-operative, assigned to the initial non-operative treatment decision.
Analyses
In the base case analysis for each of the three cohorts, the incremental cost-effectiveness ratio (ICER) of operative versus non-operative treatment was expressed as cost per additional QALY gained. All analyses were performed utilizing TreeAge Pro 2014 software (TreeAge Software Inc., Williamstown, MA). All variables were varied in one-way sensitivity analyses in each of the age cohorts. The ranges for sensitivity analyses were determined based on clinical judgment and three systematic reviews published on this topic 8, 10, 35 (Table 1) . Ranges for the costs of treatment were defined as þ 50% of the index cost and ranges for costs of complications as $0-three times the index cost (Table 2 ). In sensitivity analyses we used $100,000 per QALY gained as the benchmark for assessing costeffectiveness. 36 
RESULTS
Base Case Results
Operative treatment was more costly than non-operative treatment in all age groups ($53,407 vs. $30,553 for 65-74; $51,308 vs. $29,789 for 75-84; and $45,978 vs. $28,872 in over-84), yet was only more effective in the youngest two age groups (12.00 vs. 10.11 QALY for 65-74; 6.85 vs. 6.31 QALY for 75-84; and 2.48 vs. 3.73 QALY for over-84). This resulted in an ICER, a ratio of change in costs to the change in effects, 37 of $12,078 per QALY for operative treatment in 65-to 74-year olds and an ICER of $40,467 per QALY for operative treatment in 75-to 84-year olds (Table 3) . Operative treatment was dominated by non-operative 
Sensitivity Analyses
One-way sensitivity analyses were performed in each age cohort on all variables and demonstrated that our model was most sensitive to changes in the probability of operative and non-operative mortality. The probability of operative mortality was analyzed in the 65-to 74-year-old age cohort and the ICER surpassed $100,000 when the operative mortality rate surpassed 24.3%, and operative treatment was dominated at an operative mortality rate of 25.9%. The ICER surpassed $100,000 in the 75-to 84-year old age cohort when the operative mortality rate surpassed 28.5%, and operative treatment was dominated at an operative mortality rate of 30.8%. The probability of non-operative mortality was analyzed in the over-84 year old cohort and operative treatment did not become more effective until the non-operative mortality rate exceeded 58.2%, and the ICER did not fall under $100,000 until it exceeded 61.7%. The probability of operative mortality needed to be below 36.8% for operative treatment to be more effective and less than 33.2% for the ICER to fall below the $100,000 threshold in this age group. Two-way sensitivity analyses were performed for the probability of operative mortality and the cost of operative treatment for each age cohort with the ICER set at $100,000-a commonly reported threshold for cost-effectiveness analysis (Figures 2A-C) . 36 
DISCUSSION
This is the first study to evaluate the cost-effectiveness of operative versus non-operative treatment of type-II odontoid fractures. Regardless of treatment approach, patients tend to do poorly. In a subgroup analysis of the AOSpine study, Fehlings et al. 38 determined that of the 159 patients enrolled in the study, only 44 (27.7%) had a successful outcome. The results of our analysis show that the most cost-effective treatment modality is determined by the patient's age and their associated probability of operative mortality. In the base case analysis, the ICER for surgery versus non-operative treatment was $12,078 per QALY for the youngest group (65-74), and $40,467 per QALY for the middle group (75-84), both well below the $100,000 per QALY benchmark. In the oldest group (over-84) operative treatment was both more costly and less effective than nonoperative care and thus ''dominated.'' These results suggest that operative treatment is reasonably cost-effective for patients less than 85 years old and generally not indicated for patients older than 84 years.
The model used in the current study was most sensitive to differences in mortality rates. Although studies have suggested that surgical treatment decreases mortality, neither of the recent comparative studies on this topic showed that decrease to be statistically significant. The retrospective review by Schoenfeld et al.
14 reported a 1-year mortality rate of 21% for patients treated surgically and 36% for nonoperative patients (P ¼ 0.06, unadjusted analysis). The AOSpine prospective cohort study by Vaccaro et al. reported 1-year mortality rates of 14% for the surgical group and 26% for the non-operative group (P ¼ 0.06, unadjusted analysis). 9 Given that these were both nonrandomized studies with baseline differences between the two groups, it is possible that the mortality advantage associated with surgery was due to confounding factors rather than a protective effect of surgery. Another possibility is that these studies were simply underpowered to detect the mortality difference, and a meta-analysis including these studies did demonstrate a significant survival advantage associated with surgery. 39 The true reduction in mortality that can be attributed to surgery will probably remain unknown until a randomized-controlled trial on the topic can be performed.
Limitations
This cost-effectiveness analysis has several limitations. As with most cost-effectiveness analyses, there is some degree of uncertainty regarding the values assigned to the probabilities and utilities. In addition, the base-case values were derived from non-randomized studies and are thus susceptible to selection bias, however, this was addressed in some studies by adjustment for baseline variables including co-morbidities. It is also possible that participants in the AOSpine study might have been healthier than typical patients as participants in the AOSpine study had to be able to provide consent and participate in study protocols.
Neither the AOSpine study nor other current literature provide substantial data regarding the long-term effects or costs of the complications associated with each treatment arm or the rate of surgical complications after delayed treatment. Thus, our model did not assess the cost or disutility of complications beyond the first year and proved insensitive to changes in those parameters. Finally, cost data for complications used in this study was obtained via a micro-costing approach. While costs of complications were measured consistently for each treatment arm, our microcosting approach is potentially biased by regional trends and might have limited generalizability. We have attempted to mitigate these limitations by performing sensitivity analyses over a broad range of values of all variables.
Conclusions and Future Perspectives
Data is mounting to suggest that surgical fixation of type-II dens fractures in the elderly might reduce mortality and improve outcomes in certain subgroups. 9, 14 The current analysis suggests that the cost-effectiveness of operative treatment of type-II odontoid fractures in the elderly is highly dependent on patient age and the corresponding probability of 1-year operative and non-operative mortality. Based on the results of this study, operative treatment is likely cost-effective for patients age 65 to 84, whereas for patients older than 84, operative treatment is probably more Figure 2 . A, Sensitivity analysis on operative mortality and operative cost in 65-74-year old cohort. Two-way sensitivity analysis for probability of 1-year mortality in operative group (x axis) versus the cost of operative treatment (y axis). The boundary between the dark and light region indicates an ICER of $100,000 with the light region favoring non-operative treatment, and the dark region favoring operative treatment. The black circle indicates the base case for the 65-74-year old cohort. B, Sensitivity analysis on operative mortality and operative cost in 75-84-year-old cohort. Two-way sensitivity analysis for probability of 1-year mortality in operative group (x axis) versus the cost of operative treatment (y axis). The boundary between the dark and light region indicates an ICER of $100,000 with the light region favoring non-operative treatment, and the dark region favoring operative treatment. The black circle indicates the base case for the 75-84-year-old cohort. C, Sensitivity analysis on operative mortality and operative cost in >84-year cohort. Two-way sensitivity analysis for probability of 1-year mortality in operative group (x axis) versus the cost of operative treatment (y axis). The boundary between the dark and light region indicates an ICER of $100,000 with the light region favoring non-operative treatment, and the dark region favoring operative treatment. The black circle indicates the base case for the >84-year-old cohort. ICER, incremental cost-effectiveness ratio.
costly and less effective. This study, like the Cochrane Review by Shears et al., 7 echoes the need for a well-conducted randomized controlled trial to determine the optimal treatment for type-II odontoid fractures in geriatric patients. Such a study would be challenging to perform given the likely difficulty of enrolling patients and the fact that many surgeons feel there is already a lack of equipoise on the topic. In the absence of such a trial, surgeons and patients will need to continue to base their decisions on the observational data available and patients' preferences for care.
Key Points
Significant controversy exists regarding the optimum treatment of geriatric patients with type-II odontoid fractures. Operative treatment is cost-effective in patients age 65 to 84 years when using $100,000/QALY as a benchmark. Operative treatment is less effective and more costly in patients more than 84 years old. The model is most sensitive to changes in operative and non-operative mortality rates.
